The effects of the polarity of various water-immiscible organic solvents on the enzymatic esterification activities of three modified Candida cylindracea lipases, which were prepared by the chemical modification of lipase with poly[(N-acetylimino)ethylene] (2a), poly[(N-propionylimino)ethylene] (2b) and poly[(N isobutyrylimino)ethylene] (2c), were examined and their enzymatic activities were tried to correlate to the logarithm of the partition coefficient of the solvent between water and 1-octanol (log P). It was found that although the activity increased with increasing the hydrophobicity of the solvent and with increasing the hydrophobicity of the N-substituent of 2, a great rate enhancement of the enzymatic activity was achieved in benzene and toluene by the chemical modification by 2b or 2c, while unmodified lipase and 2a-modified one were almost inactive in them. Moreover, the effect of water concentration in organic solvent was investigated.
Introduction.
The use of enzyme in non-aqueous media is one of the active areas of recent research in enzyme technology. There are numerous advantages of using biocatalyst in organic solvents in comparison with water. However, the use of organic solvents in biocatalyst system is seriously limited since it has been commonly known that organic solvents generally denaturize and inactivate most of enzymes (recent works have revealed that several native enzymes, for example, lipase, subtilisin and a-chimotrypsin, are still active in certain organic solvents.l~'2~ Laane and co-worker proposed general rules for the optimization of different biocatalytic systems in various types of non-aqueous media.3~ Using the logarithm of the partition coefficient, log P, as a quantitative measure of solvent polarity, it was shown that the activity is low in relatively polar solvents, having a log P < 2; is quite variable in solvents having a log P between 2 and 4; and is high in apolar solvents having a log P > 4. Further, it is said that water is required for enzymatic function, and removal of water should drastically distort that conformation and inactivate the enzyme. In water-immiscible organic solvents, a trace of water is absolutely necessary for enzymes to be active.2~''3~ It is important for the enzymatic reaction to control water concentration in organic solvents.
In lipase, and the molecular weights of the polymeric modifiers in them were 6,370, 5,160, and 5,170, respectively (Table I) .
Three samples of modified lipase having a similar length of the polymeric modifier were prepared by the reactions with similar modifier / lipase feed ratios, ca. 10. They were 4a, 4b, and 4c. The chemical modification of lipase with 2 was performed according to an analogous procedure described in the preceding paper.7~ The modified enzyme samples 4 were obtained after dialyzation against distilled water using ultrafiltration and the subsequent lyophilization. The successful modification of lipase was confirmed from the GPC measurement using a TSK-Gel G3000SWXL column in a 0.05 M pH 7.0 phosphate buffer. In every case a unimodal peak was observed, and no contamination of the unmodified lipase and the unreacted modifier in the product was confirmed. The average number of polymeric modifier per lipase molecule was calculated from the polymer content together with the molecular weight of the modifier. These values are summarized in Table II .
Effect of water in non-aqueous media. Previously, it has been reported that water plays an important role for the revelation of the enzymatic activity of hybrid in organic media.2~'3~ To confirm the effect of water on the enzymatic activity of the hybrid in the present case, the enzymatic activities of 4b in benzene with various concentration were measured. Fig. 1 shows time-conversion curves of the substrates catalyzed by 4b in absolute benzene (a) and in water saturated one (b) (ca. 30 mM H2O determined by Karl-Fisher method).
The esterification reaction effectively proceeded in water saturated benzene, while no reaction occurred in of molecular sieves 3A to dehydrate the solvent was added to the moistured mixture. At this point the progress of esterification was almost completely stopped. On the contrary, the addition of water to the absolute benzene system up to saturation completely restored the esterification activity of the hybrid. It was suggested that the inactivation of 4b by dehydration in benzene was reversible. Fig. 2 shows a plot of enzymatic activity of 4b (the activities were calculated from the concentration of caprylic acid after 20 h) against the concentration of water in benzene. The enzymatic activity of 4b was not so much influenced by the concentration of water if it was below 10 mM. Then, activity rapidly increased with increasing the water concentration to 30 mM, which corresponded to saturation. As water was added further, the activity decreased slowly. This inactivation at a higher [Vol. 75(B), Effect of solvent polarity on the enzymatic function of the hybrid.
For esterification in various organic solvents, three samples, 4a, 4b, and 4c, were investigated. n-Amyl alcohol and caprylic acid were chosen as substrate because of the easy determination of conversion by the GLC analysis. Water plays an important role for the revelation of the enzymatic activity of hybrid in organic media previously described. With considering the above findings water saturated organic solvents at 30°C were used for the enzymatic assay described below.
The effects of the polarity of solvent on the esterification abilities of three 4 samples were examined. The logarithm of the partition coefficient of the solvent between water and 1-octanol (log P) was chosen as an intimation for the polarity of the solvent according to former literature.3~ The esterification activities of the samples as well as those of the unmodified lipase in water-immiscible organic solvents are summarized in Table III . The data clearly show the polarity of the solvent has a great effect on the enzymatic activity of the samples. The comparison of these data reveals that all modified lipases are generally more effective biocatalysts than the unmodified lipase in organic media. Concerning the activity of the lipase in organic solvent, a previous work by Laane et al. has shown a similar relationship between log P and the enzymatic activity for the transesterification of tributyrin with n-heptanol in the cases of Candida cylindracea and Mucor sp. lipases.3~
In the solvents whose log P values were less than 2.0, i.e., cyclohexanone, 2-heptanone, n-propyl ether, and chloroform, the activities of all samples were quite low. Although all of the modified lipases were a little active than the native lipase in any of these solvents, no clear effect of N-acyl substituent of 4 on the catalytic activity of the hybrid was found.
In aromatic hydrocarbons, benzene and toluene, whose log P values were 2.0 and 2.5, respectively, a great rate enhancement of the enzymatic activity was achieved by the chemical modification by 2b or 2c, while the unmodified enzyme and 4a in the aromatic hydrocarbons were almost inactive.
In non-polar solvents whose log P values were higher than 3.0, carbon tetrachloride and three aliphatic hydrocarbons, all of the samples showed excellent activities. In these solvents the activities of 4b and 4c increased with increasing the hydrophobicity of the Nsubstituent of PAT. The rate enhancement of the activity by the chemical modification was not so high in comparison with that of the unmodified enzyme itself. The unmodified lipase showed significantly high activities in these non-polar solvents. It can be explained that these solvents do not remove the aqueous layer around the native enzyme.3~
Although the high activity of the samples in these non-polar solvents, a more polar solvent is preferable for the practical usage because of the poor solubility of substrates in these solvents. Hence, the high activity of the 4b and 4c samples in aromatic hydrocarbons are considered to be quite significant. (2c),9~ and the chemical modification of the polymeric modifier to lipase7~ were carried out as described in the preceding papers. Solvents for enzymatic assay were of best grade, which were treated with an aqueous 0.05 M pH 7.0 phosphate buffer solution at 30 ± 0.01°C to saturate water unless otherwise indicated. Absolute benzene was prepared by drying over calcium hydride and the subsequent distillation under nitrogen. The 0 substrates were dried over molecular sieves 3A before the enzymatic assay in absolute benzene.
Instrumentation. The number-average molecular weights of the polymeric modifiers (2) were determined by the GPC measurements with Shodex A803 column in chloroform. The GPC measurements of the polymer-enzyme hybrids were performed by using TSK-GEL G3000SWXL in 0.05 M pH 7.0 phosphate buffer at room temperature. The polymer contents of the hybrids were determined by the IR spectroscopy, which were performed on a Perkin-Elmer 1640 spectrometer. Namely, the polymer contents of 4a, 4b, and 4c were evaluated from the ratios of the peaks of 1534 cm ' and 1420 cm ' (for 4a), 1534 cm ' and 1200 cm ' (for 4b), and 1534 cm ' and 1445 cm ' (for 4c) by using calibration curves obtained from mixtures of lipase with 2a, 2b, and 2c, respectively. Enzyme assay. The esterification activity of the samples in organic media was assayed by using ncaprylic acid and n-amyl alcohol as substrates. To 2 ml of an organic solution containing 450 mmol of each substrate was added 1 mg of enzyme. Then, the reaction mixture was incubated at 40 ± 0.01°C with shaking at 120 strokes/min. The conversion of the substrates was determined by GLC using silicon DC 550 column (1 m). The initial rate of the reaction was taken as the activity of the sample.
